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E-mail address: y3taniok@nodai.ac.jp (Y. Tanioka).To clarify the physiological function of pseudovitamin B12 (or adeninylcobamide; AdeCba) in
Spirulina platensis NIES-39, cobalamin-dependent methionine synthase (MS) was characterized.
We cloned the full-length Spirulina MS. The clone contained an open reading frame encoding a
protein of 1183 amino acids with a molecular mass of 132 kDa. Deduced amino acid sequences of
the Spirulina MS contained critical residues identical to cobalamin-, zinc-, S-adenosylmethionine-,
and homocysteine-binding motifs. The recombinant Spirulina enzyme showed higher afﬁnity for
methyladeninylcobamide than methylcobalamin as a cofactor. These results indicate that Spirulina
cells can utilize AdeCba synthesized as the cofactor for MS.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Cobalamin (or vitamin B12; Cbl) and its related compounds are
synthesized only in certain bacteria [1], and are concentrated
mainly in the bodies of higher predatory organisms in the natural
food chain system. For example, over half of eukaryotic algae that
contribute signiﬁcantly to global carbon ﬁxation have an absolute
requirement of Cbl for growth [2,3]. These algae have been
reported to acquire Cbl through a symbiotic relationship with
Cbl-synthesizing bacteria [3]. Early ecological study suggested thatchemical Societies. Published by E
t, S-adenosylmethionine; Cbl,
CH3-Cbl, methylcobalamin;
in B12; MS, methionine syn-
itted to the DDBJ, EMBL, and
ollowing accession number,cyanobacteria play an important role in nature as producers of Cbl
[4]. However, we demonstrated that various edible cyanobacteria
contain mainly pseudovitamim B12 (or adeninylcobamide; AdeCba)
carrying adenine as an alternative base rather than 50,60-dimethyl-
benzimidazole in the lower ligand (Fig. 1) [5]. Our previous studies
indicate that these edible cyanobacteria are not suitable for use as
Cbl sources in humans because AdeCba is inactive for both mam-
mals and other eukaryotic organisms (including algae) [5–7]. Thus,
overgrowth of certain cyanobacteria may have considerable inﬂu-
ence on the growth of Cbl-dependent eukaryotic algae in nature,
leading to certain ecological problems.
Among these edible cyanobacteria, Spirulina platensis is most
important in both the food and pharmaceutical industries, since
substantial amounts of Spirulina cells (3000 t/year) are produced
worldwide to meet the high demands of these industries [8];
Spirulina cells contain various nutrients and therapeutic com-
pounds [8,9]. To overcome the nutritional defects of Spirulina cells,
it is vital to determine the genetic, biochemical, and physiological
information of AdeCba. However, no studies have determined whylsevier B.V. All rights reserved.
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Fig. 1. Structural formula of cobalamin and partial structures of cobalamin
compounds. Partial structures of cobalamin compounds show only those portions
of the molecule that differ from cobalamin.
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de novo, and what kind of physiological function AdeCba has in this
organism.
In the present study, we have described the characterization of
AdeCba and its physiological role as a cofactor of corrinoid-depen-
dent methionine synthase (MS) in S. plantensis NIES-39.
2. Materials and methods
2.1. Bacterial strains and growth conditions
S. platensis NIES-39 was obtained from Global Environmental
Forum (Tsukuba, Japan). Cells were grown in SOT medium (1.5 l)
containing CoSO4 (12 lg/l medium), aseptically bubbled with air
(3 ml/min) at 25 C, and illuminated at 240 lE/m2/s for 14 days
[10].
2.2. Preparation of AdeCba from Propionibacterium cells
Propionibacterium acidipropionici JCM6427 was obtained from
the Japan Collection of Microorganisms, Microbe Division, RIKEN
BioResource Center (Saitama, Japan).
Propionibacterium cells were grown for 6 days as described [11]
with some modiﬁcation.
After adenine (15 mg/l medium) was aseptically added to the
medium, cells were further grown for 5 days. Cells with a red tint
were collected, washed twice with distilled water, and then stored
at 80 C until use. AdeCba was extracted and puriﬁed from the
stored cells by a Sep-pak Vac 20 cc (5 g) C18 cartridge (Waters Corp.
Milford, MA, USA), silica gel 60 TLC, and C18 reversed-phase HPLC
as described previously [7]. The Rf value on silica gel 60 TLC and
retention time on C18 reversed-phase HPLC of the puriﬁed com-
pound coincided with those of an authentic cyanoadeninylcoba-
mide or pseudovitamin B12 (CN-AdeCba). The puriﬁed compoundwas identiﬁed as CN-AdeCba by direct comparison of ultraviolet–
visible and 1H NMR spectral data with the authentic compound.
2.3. Preparation of methyladeninylcobamide (CH3-AdeCba)
All puriﬁcation procedures were conducted under dim light.
The above CN-AdeCba solution was bubbled with N2 gas for
20 min and reduced with NaBH4. Methyliodide was added to
the solution to form CH3-AdeCba. The treated solution was neu-
tralized with 1 mol/l HCl. The formed CH3-AdeCba was desalted
and partially puriﬁed with a Sep-pak Vac 20 cc (5 g) C18 cartridge
(Waters Corp.). The formed CH3-AdeCba was separated from CN-
AdeCba with silica gel 60 TLC under the same conditions as
described previously [7]. After the TLC sheet had been dried,
CH3-AdeCba was collected, extracted with 80% (v/v) methanol
solution, evaporated to dryness under reduced pressure, and dis-
solved in a small amount of distilled water. The concentration of
CH3-AdeCba solution was calculated on the basis of the molecular
extinction coefﬁcient (12 700/mol/l/cm) of methylcobalamin
(CH3-Cbl) at 340 nm [12].
2.4. Cbl-dependent methionine synthase (MS) assay
Spirulina cells were suspended in an appropriate amount of
10 mmol/l potassium phosphate buffer, pH 7.0, containing 10%
(w/v) sucrose, disrupted three times by sonic treatment (6 kHz,
60 s), and centrifuged at 5000g for 20 min at 4 C. The superna-
tant fraction was used as a crude enzyme. MS activity was deter-
mined by anaerobic assay as described previously [13].
2.5. Isolation of MS homolog from S. platensis NIES-39
For the isolation of the MS homolog, genomic DNA from
Spirulina cells was isolated using the Aqua Pure Genomic DNA kit
(Bio-Rad, Hercules, CA, USA). To isolate the MS homolog using
polymerase chain reaction (PCR), degenerate primer sets were pre-
pared using conserved regions of MS homolog from Trichodesmium
erythraeum IMS101, Anabaena variabilis ATCC29413, Nostoc sp.
PCC7120, and Synechocystis sp. PCC6803. The primer sequences
are listed in Supplementary data (Table 1s). DNA fragments (SP
metH 1F-R, SP metH 2F-R) were puriﬁed by gel electrophoresis,
and then DNA sequencing was performed. In the sequences ob-
tained by the dideoxy chain terminator method, 50- or 30-extension
of the DNA clone was performed by the inverse PCR technique. The
genome DNA (10 lg) was partially digested by for 1 h at 37 C, sub-
sequent intramolecular self-ligation of these DNA fragments gen-
erating a small monomeric circle. These circularized DNAs as
template were subjected to PCR using the following primer sets:
SP metH-6F – SPmetH-6R and SPmetH-7F – SPmetH-7R. The pri-
mer sequences are listed in Supplementary data (Table 1s). Subse-
quently, DNA fragments were ligated into the p3F vector (MoBiTec
GmbH).
DNA sequencing was performed using the dideoxy chain
terminator method with an automatic DNA sequencer (Applied
Biosystems).
2.6. Construction of MS homolog expression plasmid and expression of
recombinant Spirulina MS in Escherichia coli
The open reading frames of MS were ampliﬁed from genomic
DNA from Spirulina using the following primer sets: SpMS-NdeI-
1F – SpMS-BamHI-1R, SpMS-BamHI-2F – SpMS-EcoRI-2R and
SpMS-EcoRI-3F – SpMS-HindIII-3R (Supplementary Table 1s). The
DNA fragment was divided into three regions, which were ligated
into pUC-18 vectors. DNA fragments (1F-R, 2F-R, 3F-R) generated
by PCR were ligated into pUC-18 vectors. DNA sequencing for
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terminator method with an automatic DNA sequencer (Applied
Biosystems). Resulting constructs were digested with NdeI/BamHI
for pUC18/1F-R, BamHI/EcoRI for pUC18/2F-R, and EcoRI/HindIII
for pUC18/3F-R, DNA fragments were puriﬁed by gel electrophore-
sis, and then ligated into the expression vector, pColdII (Takara).
Resulting constructions were designated pColdII/SpMS. E. coli
strain BL21 (DE3)-Codon Plus transformed with pColdII/SpMS
was grown in 3 ml of LB medium containing 50 lg/ml of ampicil-
lin. After overnight culture at 37 C, 250 ll of culture was trans-
ferred to 25 ml of LB medium (with the antibiotic) and grown to
an absorbance (at 600 nm) of between 0.4 and 0.6, and then cells
were kept for 30 min at 15 C without shaking. Isopropyl-1-thio-
b-D-galactopyranoside was added to the culture at a concentration
of 1 mmol/l, and the cells were further incubated for 24 h at 15 C
with shaking. Harvested cells were resuspended in 10 mmol/l
potassium phosphate buffer, pH 7.2, containing 10% (w/v) sucrose,
sonicated (6 kHz) using 60-s strokes with 30-s intervals, and cen-
trifuged at 5000g for 25 min.
2.7. Sodium dodecyle sulfate (SDS)–polyacrylamide gel electrophoresis
We used a 10% (w/w) polyacrylamide slab gel in the presence of
SDS. After electrophoresis on the slab gel was complete, proteins in
gels were stained with Coomassie brilliant blue R-250 and de-
stained in acetic acid solution according to the manufacturer’s
instructions. For the standard proteins, we used a Dyna Marker
Protein Multi Color III (BioDynamics Laboratory Inc., Tokyo, Japan)
for the calibration of high molecular weights.
2.8. Protein assay
Proteins were assayed with bovine serum albumin as a standard
by the method of Bradford [14].140
95
70
45
32
230
1 2     3kDa
27
17
Fig. 2. SDS–polyacrylamide gel electrophoresis of cell homogenates of pColdII- and
pColdII/SpMS-transformed E. coli. Cell homogenates (20 lg each of total protein) of
pColdII- and pColdII/SpMS-transformed E. coli were treated by electrophoresis on a
10% (w/w) polyacrylamide slab gel in the presence of SDS. 1, molecular mass
standard proteins; 2, pColdII-transformed E. coli; 3, pColdII/SpMS-transformed
E. coli. Data are typical migration patterns of these E. coli homogenates after
polyacrylamide slab gel electrophoresis in the presence of SDS from three
independent experiments.3. Results and discussion
3.1. Isolation of MS gene homolog from S. plantensis NIES-39
Cbl-dependent MS (EC 2.1.1.13) catalyzing the methyl transfer
reaction from 5-CH3-tetrahydrofolate to homocysteine to form tet-
rahydrofolate and methionine has not been characterized in cyano-
bacteria. The MS gene homolog of Spirulina cells was isolated using
four cyanobacterial genome data. Amino acid sequences deduced
from Spirulina MS consisted of 1183 amino acid residues with a
molecularmass of 132 kDa (Supplementary Fig. 1s). Deduced amino
acid sequences of Spirulina MS contained the critical residues
identical to Cbl (D-X-H-X-X-G-X41-S-X-L-X26-28-G-G) [15], zinc (N-
C-Xn-G-C-C-G) [16], S-adenosylmethionine (R-(P/F/Y)-(A/S)-(P/F/
C)-G-Y-(P/G)(A/S)-X-P) [17], and homocysteine (G-G-C-C-G-T-X-P-
X-H-I)-binding [18] motifs. Furthermore, the deduced amino acid
sequence showed approximately 78, 31, 31, and 31% similarity to
MS for Synechocystis sp. PCC6803 (NP_442368), E. coli (NP_
418443), mouse (AAI45686), and human (Q99707), respectively.
When a multiple alignment was performed from CyanoBase
(http://www.kazusa.or.jp), the recombinant Spirulina MS showed
strong similarity among cyanobacterial species, but low similarity
with the bacterial, mammalian, and algal (XP_001696420) MS.
3.2. Expression of the Spirulina MS homolog in E. coli
We examined optimum conditions for the expression of Spiru-
lina MS subcloned into the pColdII expression vector. After induc-
tion, the recombinant enzyme was expressed at a high level in
E. coli cells (Fig. 2). The protein band corresponding to therecombinant enzyme with the molecular mass 132 kDa was signif-
icantly increased. MS activity was not detected in pColdII/SpMS-
transformed E. coli cells in the absence of each cofactor (CH3-Cbl
or CH3-AdeCba) (Table 1). The enzyme activity in a cell homoge-
nate of pColdII-transformed E. coli was slightly stimulated by the
addition of CH3-AdeCba; increased enzyme activity reached
68.4% of MS stimulated by CH3-Cbl. However, both cofactors signif-
icantly stimulated enzyme activity in a cell homogenate of pColdII/
SpMS-transformed E. coli; there was no signiﬁcant difference be-
tween CH3-AdeCba- and CH3-Cbl-dependent MS activities. These
results indicate that Spirulina MS was signiﬁcantly expressed as
the apoenzyme in the constructed E. coli.
3.3. CH3-AdeCba as the coenzyme of Spirulina MS
The X-ray structure of a Cbl-binding fragment of E. coli MS [15]
suggest that conserved residues (Gly740, Ser782, and Gly811-Gly812)
of the SpirulinaMS locate at the binding pocket that accommodates
the adenine nucleotide of AdeCba: the base moiety of Cbl is known
to be important for cofactor binding. To evaluate the compound
(CH3-AdeCba or CH3-Cbl) that Spirulina MS can utilize efﬁciently
as the cofactor, apparent Km values of the recombinant Spirulina
enzyme were determined (Supplementary Fig. 2s). Apparent Km
values for CH3-Cbl and CH3-AdeCba were estimated to be 16.0
and 0.07 lmol/l, respectively. There was no signiﬁcant change in
the Vmax of the enzyme between CH3-Cbl (154 nmol/min/mg pro-
tein) and CH3-AdeCba (141 nmol/min/mg protein). The results
indicate that Spirulina enzyme has a higher afﬁnity for CH3-AdeCba
than for CH3-Cbl, implying that the cobamide-binding domain of
Spirulina MS has a structure suitable for the binding of AdeCba.
The results presented in this study indicate that Spirulina cells
can utilize AdeCba synthesized as the cofactor for MS. Anderson
et al. [19] have shown that under strict anaerobic conditions,
Table 1
Effects of the addition of CH3-Cbl and CH3-AdeCba on MS activity in pColdII- and
pColdII/SpMS-transformed E. coli. MS activity was determined in cell homogenates of
pColdII- and pColdII/SpMS-transformed E. coli in the presence or absence of CH3–Cbl
(or CH3–AdeCba). Data represent mean ± S.E.M. from three independent experiments.
Statistical signiﬁcance was determined using Student’s t test. Values with different
superscripts are signiﬁcantly different (P < 0.05).
Enzyme activity (nmol/min/mg protein)
Addition of cofactor
None CH3-Cbl CH3-AdeCba
pColdII-transformed E. coli nd* 1.9 ± 0.4a 1.3 ± 0.2b
pColdII/SpMS-transformed E. coli nd 128.0 ± 33.3c 128.7 ± 28.8c
* nd, not detected.
3226 Y. Tanioka et al. / FEBS Letters 584 (2010) 3223–3226Salmonella enterica produces AdeCba, which can serve as cofactor
for three corrinoid-dependent enzymes including MS. Although
AdeCba is physiologically inactive for mammals [20] and therefore
it has received less attention than Cbl until recently, the results in
this study suggest that AdeCba functions as the natural corrinoid
cofactor in many organisms.
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